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Previous to the bacteriologic era in the study of dysentery, this disease was looked 
upon as a  systemic affection of which the colonic symptoms were considered a  local 
manifestation.  This was the view of Sydenham (1)  as weU as of Conradi (2) who 
actually conceived  the  colonic manifestations  as  being  the  result  of  the  systemic 
disturbances.  With  the  advent  of  the  bacteriologic era  the  investigation of  this 
disease was  turned over to  the laboratory and  there followed a  period of brilliant 
work in which the causative organisms were discovered.  During this period, how- 
ever, dysentery came to be viewed as a  local disease, the result of the action of the 
causative  organisms  or  their  toxins  upon  the  intestinal  wall.  The  clinical phe- 
nomena of the disease were ignored except in so far as they were interpreted as the 
consequences of the colonic lesion.  However, it soon became clear that this view- 
point was too narrow.  Thus, the pathologist realized that while the intestinal changes 
in  epidemic dysentery  represented  a  diphtheritic  process,  not  every  diphtheritic 
intestinal lesion was a  case of dysentery.  The clinician reentered the picture and 
pointed out that the clinical phenomena indicated the presence of a period of toxemia 
which  preceded  the  onset  of intestinal symptoms  by  several days and  frequently 
persisted for some time thereafter. 
The  intestinal lesion  in  baciUary dysentery  is  a  diphtheritic,  ulcerative lesion, 
at least in the  advanced  stage in  which  it is customary to  observe it at  autopsy. 
This  characterization, however,  is  not  in  itself  diagnostic of  the  disease.  As  we 
have shown elsewhere (3, 4), such lesions may occur as a  result of the homeostatic 
responses called into play by various types of stimuli which may produce a shock-like 
state.  These anatomical changes, therefore, are not specific as to etiology. 
In studying the various stages of evolution of these lesions, we were impressed by 
the observation that the earliest anatomical changes in the intestine were noted in 
the submucosa (3).  We were able to trace the successive events leading to necrosis 
of the epithelial lining of the intestine, and  finally to  pseudomembrane  formation 
and  ulceration.  An  attempt  to  stimulate  the  vasomotor  responses  by  means  of 
adrenalin injections (5), enabled us to reproduce the entire series of events leading 
to  the  production  of  the  typical lesion.  In  these  experiments we  noted  that  the 
first anatomical changes occurred in  the  submucosa  in  the  rabbit and guinea pig. 
In  the former  there was also a  distinct predilection for  the lesion to  occur in  the 
cecum.  This preferential involvement of the cecum in the rabbit has been noted to 
occur following the injection of dysentery toxins (6--8).  Even more striking, how- 
ever, is the fact that the initial changes observed in Shiga intoxication occur in the 
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submucosa (6-8).  We felt that these phenomena might indicate a common patho- 
genetic mechanism. 
Biochemical  studies of the effects of toxins  upon the organism first began  when 
Hibbard and Morrissey (9) noted glycosuria  in patients with diphtheria.  Numerous 
investigators using a  variety of procedures have adduced a  great mass of evidence 
indicating that there is an increased  tone in the sympathetic nervous system during 
bacterial  intoxication  (10-i7).  The  use  of  several types  of bacteria in  these  in- 
vestigations indicates the lack of specificity in the physiological  responses.  Thus, a 
diabetic glucose  tolerance  curve has been noted  in  diphtheria.  This  can  be pre- 
vented by the use of ergotamine tartrate  (11).  Others have been able to prevent 
the hyperglycemia by means of double splanchnotomy (12), or unilateral adrenalec- 
tomy and denervation of the opposite suprarenal gland (14).  Finally, an increase in 
output of adrenalin from the suprarenals has been observed during toxemia resulting 
from either diphtheria toxin (16) or Shiga toxin (17). 
We have been  particularly  interested  in  the  effect upon  the  organism  of 
the toxin of Bacillus shigae.  Despite the emphasis placed by the biochemist 
upon  alterations  in  carbohydrate  metabolism  in  diphtheritic  intoxication, 
clinical diphtheria  is much more characterized by vasomotor than by meta- 
bolic  changes.  For  this  reason  we  decided  to  investigate  some  physical 
characteristics of the blood in acute  Shiga intoxication.  We were led to do 
this because we have been able to find only one report (Yannet and Darrow) 
(18)  of  similar  studies  in  diphtheritic  intoxication.  Therefore,  we  have 
studied the effect in dogs and rabbits of the injection of the toxin of B. shigae 
upon  the hematocrit findings,  specific gravity of the blood,  hemoglobin,  red 
blood  cell  count,  white  blood  cell  count,  and  differential  cell  count.  We 
have attempted to correlate the time of appearance of changes in these find- 
ings with the time of development of the anatomical lesions. 
Methods 
The toxin was prepared from a smooth strain of B. shigae according to the "slow 
method" of Olitsky and Kligler (19).  No systematic effort was made to standardize 
this  toxin.  Its potency,  however,  was  such  that  0.25  cc.  per kg.  intravenously, 
killed  a  rabbit  within  48  hours. 
Hematocrit readings were made by the method of Wintrobe  (20).  The specific 
gravity both of whole blood and of the plasma was determined by the falling drop 
method as devised by Barbour and Hamilton (21).  The hematologic studies  were 
performed with standard pipettes and chambers; the hemoglobin by the Sahli method; 
the smears stained with Jenner-Giemsa. 
Observations were made on ten dogs and four rabbits.  No anesthesia was used. 
In addition, anatomical studies were made on 8 cats.  In the earlier experiments a 
control period of from 3 to 10 days was used,  during which we studied the normal 
variations in the hematologic values.  These proved to be so small in comparison 
with the changes resulting from the injection of the toxin that this control period was 
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On the day of experiment, following an 18 hour fast, a  control series of observa- 
tions were made.  Immediately following this, the toxin was injected intravenously. 
The dogs received 0.5 cc. per kg., while the rabbits were given 0.25 cc. per kg., and 
the cats 1.0 cc. to 6.0 cc. per kg.  At intervals of 15 to 30 minutes specimens of blood 
were withdrawn from the saphenous vein in the dog and the ear vein in the rabbit. 
An attempt was made to avoid the use of a  tourniquet but after the first couple of 
specimens were obtained, venous filling was frequently so poor that a tourniquet was 
necessary.  However,  the specimens rarely took more than  1 minute to withdraw 
so that the factor of stasis is not important.  As an anticoagulant we used an aqueous 
solution of 6 per cent ammonium oxalate and 4 per cent potassium oxalate.  0.2 cc. 
of this solution was used to 1.8 cc. of blood.  The blood so obtained was employed 
in  all  our  determinations.  This  anticoagulant  solution  caused  no  shrinkage  or 
swelling of the red blood cells.  The specific gravity of the plasma was determined 
on the supernatant fluid from the centrifuged hematocrit specimen.  These deter- 
minations  were made immediately upon withdrawal of the blood. 
In addition, observations were made on the reactions of the animals to the injec- 
tion of the toxin.  In an attempt to correlate the physiologic changes with the time 
of appearance of the anatomical lesions, we sacrificed  the animals at varying periods 
after the injection of the toxin.  As a control study we injected a sterile broth culture 
medium which had been incubated and treated in the same fashion as our  cultures 
of B. shigae.  In addition we also used Shiga toxin inactivated by heat as suggested 
by Olitsky and Kligler (19).  The dosage  was five times that used for  the  toxin. 
We may add  that  such material caused no changes in blood composition and no 
anatomical changes were found in the intestinal tract upon sacrificing  the animals. 
They were  killed by the  intravenous injection of  air,  chloroform,  or  20  per  cent 
formalin.  This was done in order to eliminate in so far as possible the influence of 
the  method  of  sacrificing the  animal upon  the  anatomical changes.  The  organs 
were immediately removed and fixed in 20 per cent formalin. 
In  view  of  the  demonstration by  physiologic methods  of  a  sympathomimetic 
reaction (10-17), resulting from the action of bacterial toxins we felt that a  direct 
demonstration of its vasoconstrictor component would be desirable.  We attempted 
to demonstrate this by means of the injection of India ink.  We administered Shiga 
toxin to a group of five rabbits in a dose of 0.5 cc. to 1.0 cc. per kg. of body weight. 
After a  time interval of from 3/4 hours to 4 hour we injected  10 cc.  of  India ink 
(Higgin's American drawing ink, soluble, black) into the left  ventricle, followed  in 
1 minute by an intravenous injection of  1 cc.  of  40  per cent formalin.  Control 
rabbits were similarly injected with India ink only, and sacrificed in the same manner. 
We found that  this method, while satisfactory for rabbits, was not suitable for 
the demonstration of vasomotor reactions in the dog's intestine due to the thickness 
of  the  latter  which  rendered  transiUumination impossible.  For  this  reason  we 
employed the following method: Three dogs  were given Shiga toxin intravenously 
in a dose of 1 cc. per kg. body weight.  They were sacrificed at intervals of from 7 to 
11 minutes by the intravenous injection of  10 cc. of 40 per cent formalin.  Paired 
controls were simultaneously sacrificed.  The digestive tracts of the controls and of 
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running water, and opened.  The mucosa on the inner surface was carefully rinsed 
off and the bowel immersed in a  saturated solution of benzidine  (500 cc.), acidified 
with glacial acetic acid (10 cc.) and containing a small amount of hydrogen peroxide 
(20 cc.).  The intestinal loops were then washed off in running water.  The benzi- 
dine solution  produced the usual deep blue color on contact with the red blood cells 
in the mucoml layer of the bowel wall. 
In order to study the direct action of Shiga toxin upon the intestinal mucosa, we 
established typical Thiry Vella loops in three dogs,  located in mid-jejunum.  This 
segment of the intestine was chosen  because it had practically never been involved 
in the dogs to which the toxin had been administered intravenously.  After complete 
recovery, 35 to 50 cc. of the toxin were introduced into the loop at approximately 8 
hour intervals, for a  period of 24 hours.  The animals were sacrificed  as above, 8 
to 12 hours after the administration of the last dose of toxin. 
RESULTS 
Course of the Intoxication.---Our  most detailed  observations were made  on 
the dogs.  These animals were selected for their liveliness and frisky disposi- 
tions.  For the first 15 or 20 minutes following an injection of toxin there was 
usually  no  evidence  of  any  change  in  their  behavior.  Shortly  after  this, 
however, they developed periodically recurring episodes of tachypnea during 
which their tongues would protrude and their pupils dilate.  This continued 
for perhaps 30  to 45  minutes during  which  the  animals were content  to  lie 
quietly,  except for  the  periods  of tachypnea  when  they would  rise  to  pace 
restlessly.  At this time the dogs would begin to retch and salivate and not 
infrequently  vomit small amounts  of mucoid  fluid.  As  this  continued  and 
increased in degree some of the animals showed some blood streaking in the 
vomitus.  Shortly  thereafter  we  not  infrequently  noted  the  passage  of  a 
normal formed bowel movement.  This,  however, was soon followed by the 
appearance  of  a  marked  diarrhea.  At  first  the  rectal  discharges  consisted 
of a mucoid fluid, which, however, was soon followed by blood streaking and 
eventually  by  a  bloody  stool.  During  this  period  the  animals  appeared 
weak.  They could not be induced to take food or fluids.  This state persisted 
for about  18 hours following which  they gradually returned  to their  normal 
behavior.  There was no significant rise in temperature during  the  24 hours 
following the injection of the toxin.  The pulse rate increased markedly dur- 
ing the earlier phases of the experiment and not infrequently reached levels 
of 150  to  160 per minute. 
Hematologic Obser~'ations.--As can  be  seen  from Table  I,  and  Text-fig.  1 
which  are representative of our data,  there  was a  rapid and parallel  rise in 
the hemoglobin, red blood cell count, hematocrit reading, and specific gravity 
of  the  whole  blood.  These  indices  of blood  concentration  and  diminution 
of blood volume began within  15 to 30 minutes following the injection of the 
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could be elicited again at this time by reinjection of toxin but the response 
was not as marked as on the first injection.  The specific gravity of the plasma 
showed no significant alterations  throughout the  experiments.  This  would 
TABLE I 
Dog  3-70 
Date  Time 
12/29/40  9.00 a.m. 
9.07 
9.32 
9.50 
10.00 
10.30 
12.55 p.m. 
12/30/40  9.30 a.m. 
[el~o-  ] 
:lobln ' 
~f Cent 
92 
102 
I07 
II0 
122 
129 
R,B.C. 
~illlo~ 
6.27 
7.26 
6.93 
7.43 
7.39 
8.64 
W.B.C. 
sands 
12.4 
10.4 
3.8 
4.2 
8.2 
49.8 
P.M.N. 
per cent 
78 
82 
52 
56 
88 
94 
I"I  el~ta-  [ 
toerit 
44 
46 
49 
50 
57 
57 
Specific 
gravity 
1.0571 
1.0577 
1.0585 
1.0585 
1.0636 
1.0657 
Remarks 
6  cc.  Shiga  toxin 
intravenously 
Mucoid stool 
Weak 
Bloody  mucoid 
stool 
1.067C 
~  I.(}61o 
a~ 1.0590 
~  10550 
ce~ 
.1~0 
•  ~  Jlo 
0 
Tv.xT-FIG.  1 
exclude vomiting and diarrhea as the cause of the blood concentration.  These 
observations  confirm  those  of  Yannet  and  Darrow  (18)  in  diphtheritic 
intoxication. 
Anatomical  Observatlons.--Despite  the  early  appearance  of  evidences  of 
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were detectable in animals killed during the first 6 hours after the injection of 
the toxin.  However, the evidence we have obtained on the state of the ves- 
sels by means of the injection of India ink and staining with benzidine points 
to the presence of a marked vasoconstriction, at least during the earlier stages 
of this period.  Thus, the  rabbits  which  had  received toxin and  India  ink 
before being sacrificed, showed  a  striking  difference in the intensity of pig- 
mentation  of  the  cecum when  compared with  that  of the  control animals 
(Fig. 1).  In the latter, it was invariably almost black in consequence of the 
presence of India ink.  The cecums of the rabbits which had received Shiga 
toxin and India ink varied in color from a pinkish tan to a  faint gray color. 
As can be seen in Fig. 2,  the tips of the cecal folds frequently showed areas 
in  which  no  India  ink  had  reached  the  bowel  wall.  We  interpret  this  as 
evidence of  a  focal vasoconstriction.  Comparison  of  the  specimens  in  the 
dogs treated with Shiga toxin and their corresponding controls, after contact 
with  the  benzidine  solution,  likewise  revealed  a  striking  difference in  the 
intensity and distribution of the stained  areas  (Fig.  3).  Histological study 
of such specimens showed that the benzidine solution caused only a focal blue 
staining of the mucosal layer in dogs which had received the toxin, in contrast 
to the diffuse staining of the mucosa of the controls.  The blue coloration was 
confined to the areas in which blood was present.  We interpret these observa- 
tions as evidence of focal mucosal vasoconstriction  , paralleling that obtained 
by the use of India ink in rabbits. 
In the dogs sacrificed at the 6th hour and at subsequent periods, we were 
able  to observe the  sequence of events ]eading to erosion and pseudomem- 
brane formation.  The earliest gross change,  noted in our dogs at 6  hours, 
consisted in a reddening of the mucosa, beginning sharply at the pylorus and 
extending  for  a  variable  distance  beyond  the  ligament  of Treitz  (Fig.  4). 
This was  not  uniform in  intensity but  showed a  distinct  focal distribution 
and mottling.  As  a  result,  this region showed minute,  dark  red,  petechial 
lesions interspersed among areas varying in degree of redness due to conges- 
tion.  Distal to this, the jejunum appeared normal or showed slight erythema 
up to a point about 60 cm. proximal to the ileocecal valve.  From this point 
to a level about 15 cm. above the valve, a similar but milder and less constant 
area of mucosal congestion was seen.  In the more advanced instances these 
two sites, but particularly the duodenum, were hemorrhagic and showed focal 
areas of erosion or pseudomembrane formation.  Dogs of which this was true 
at times showed similar changes distributed focally in the stomach and colon. 
These lesions, however, were by no means constantly present. 
Microscopically, the earliest changes noted in the dogs sacrificed at 6 hours 
co.nsisted  in  a  marked  dilatation  of the  capillaries  of the  villi,  which  were 
distended  with  red  blood  cells.  The  wails  of  these  capillaries  showed  no 
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followed by a separation of the basement membrane of the epithelium of the 
villi from its underlying stroma by a small amount of finely granular, vacuo- 
lated  material  with  varying  staining  properties.  This  material  sometimes 
took the  hematoxylin, sometimes the eosin stain.  It contained no  calcium 
by the yon Kossa method and likewise no fat when stained with Sudan III. 
The lesion apparently corresponds to the spaces described in  1887 by Griin- 
hagen (22)  and by Adam and Froboese (23), who observed them in cases of 
intestinal intoxication in infants (Fig. 5). 
With  increasing  accumulation  of  subepithelial  fluid,  the  epithelial  layer 
desquamated  and  left the  tip  of the  villus denuded.  Before this occurred, 
however, the subepithelial fluid could be seen to contain isolated or grouped 
red blood cells.  In the absence of anatomical changes in  the capillaries we 
are forced to conclude that we were dealing with an increase in endothelial 
permeability which, however, had not reached the stage of endothelial destruc- 
tion.  We  therefore interpret  the  extravascular red  blood cells  as  evidence 
that  diapedesis  had occurred. 
These c.hanges  were not uniformly distributed in an area of gross involve- 
ment,  and  an  involved villus  was  frequently seen  flanked  by  normal  villi 
(Fig. 6).  Similarly in areas which were normal in the gross, one could occa- 
sionally  find  a  villus  thus  involved.  With  the  progressive  involvement  of 
villi,  hemorrhage became a  more prominent feature of the  lesion and  with 
this we have observed the deposition of a  fibrin network on  the  surface of 
the villi.  In addition to the tips of the villi, the extravasated red blood cells 
were enmeshed in this membrane, together with desquamated epithelium, and 
polymorphonuclear leucocytes.  We have found such a  membrane extending 
between involved villi separated by a normal villus which did not participate 
in the process (Fig.  6). 
In subsidiary experiments we observed the same process in the cats, with 
the lesion taking its origin in the mucosa and progressing in the same fashion 
as  in  the  dogs.  In  the  cat,  however,  the  predominant  localization  of  the 
lesion was in the middle two thirds of the colon, in general sparing the cecal 
and rectal portions. 
In confirmation of the observations of Doerr  (6),  Flexner and  Sweet  (7), 
and  others  (8),  the  rabbit  showed  an  almost  exclusive involvement of the 
cecum,  and  particularly  in  the  region  adjacent  to  the  ileocecal valve.  In 
this  animal  the  first  changes  consisted  in  a  submucosal  congestion  which 
was  followed  by  a  focal,  acellular,  submucosal  edema,  which  was located 
mainly beneath the transverse folds.  With progression of the process, how- 
ever, the areas of submucosal edema fused so that the entire submucosa ap- 
peared involved and presented a  gelatinous appearance,  in  the gross.  In a 
later  stage  of development red  blood cells were  seen  to  accumulate  in  the 
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appeared thickened.  Hemorrhage by diapedesis then appeared in the mucosa 
and at this stage the epithelial cells began to undergo focal necrosis, followed 
by the formation of erosions. 
In the experiments designed to test the direct action of the toxin, the mucosa 
of the Thiry-Vella loops in direct contact with  the toxin showed no significant 
gross  changes.  The  remainder  of  the  gastrointestinal  tract  was  carefully 
dissected and changes were noted in the duodenum, beginning at the  pylorus 
and extending into the most proximal jejunum.  These consisted of varying 
degrees of congestion which  in  its  extreme form was  hemorrhagic  (Fig. 7). 
Very much milder changes  were noted  in  the  preterminal  ileum,  extending 
to within 10 to 15 cm. of the ileocecal valve.  In general, the intensity of the 
changes  was  somewhat  less  than  that  observed  following  the  intravenous 
injection  of the  toxin.  In  one  of  three  dogs,  the  proximal  portion  of  the 
Thiry-Vella loop showed a mild congestion.  This loop was found at necropsy 
to have been made in the upper jejunum, which showed a  similar mild con- 
gestion,  extending  to  the  entero-anastomosis  which  reestablished  the  con- 
tinuity  of  the  gut.  Microscopically,  we  were  able  to  discern  the  entire 
sequence  of  events  typical  of  the  histological  changes  resulting  from  the 
intravenous injection of Shiga toxin.  However, in agreement with the gross 
observations,  we  did  not  achieve ulceration or pseudomembrane  formation. 
DISCUSSION" 
We  have  demonstrated  a  very  rapid  occurrence  of  hemoconcentration 
following the intravenous administration of Shiga toxin.  As has been pointed 
out by Bogert, Underhill, and Mendel (24), as well as by Lamson and Roca 
(25), and by Darrow, Yannet,  and  Cary  (26), one may use the hemoglobin 
concentration  as  an  indicator  of  relative  changes  in  blood  volume  under 
conditions  such  as  obtained  in  our  experiments.  This  being  the  case,  the 
above data indicate a marked diminution in blood volume associated with an 
increase  in  blood  concentration.  This,  taken  in  conjunction  with  an  un- 
altered specific gravity of the  plasma, indicates that the diminution in blood 
volume is due to a loss of plasma as such from the actively circulating blood. 
That the blood concentration is not due to vomiting or diarrhea is shown by 
the fact that it frequently occurs before these take place.  In addition,  the 
unaltered  specific gravity of the  plasma  indicates  that  the  fluid  which  has 
left the blood stream has a  composition identical with that of plasma.  We 
are as yet unable to state whether the plasma which is lost has left the actively 
circulating blood stream  and  is  located  in  the  tissues  or is  to  be found in 
capillaries in which physical slowing of the current has resulted in an excessive 
amount of plasma in proportion to cells,  as described by Cohnheim (27). 
The relative changes in blood volume calculated on the basis of hemoglobin 
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volume in excess of 30 per cent.  Some idea as to the change in blood vis- 
cosity may be obtained from the fact that in dog 3-70 the hemoglobin rose to 
129 per cent, associated with a rise in hematocrit to 57 per cent. 
It  is  interesting to note that  evidence of diminished blood volume which 
we observed occurs at a time when others have noted the presence of a hyper- 
glycemia which has so frequently been found in states of intoxication (12,  14). 
As we have mentioned above, the preponderance of evidence indicates that 
the initial hyperglycemia at least is dependent for its appearance upon intact 
suprarenal  glands  under  nervous  control  (12).  The  fact  that  denervation 
of the suprarenal gland prevents such a  hyperglycemia is strong evidence in 
favor of this concept (12).  This is also  supported by the  observation that 
ergotamine tartrate serves to prevent the hyperglycemia not only in the dog 
and rabbit but also in man  (11). 
Furthermore, as Hoshi (17) has shown by direct estimation of the adrenalin 
content of the suprarenal veins, injection of dysentery toxin leads to an in- 
creased secretion of adrenalin which begins about  30 minutes after injection, 
reaches its maximum in 2 to 4 hours, and  then gradually decreases.  He also 
was  able  to  show  that  the  hyperglycemia which  resulted,  appeared simul- 
taneously with the increase in adrenalin output and ran parallel to it.  The 
time of onset of the hyperg]ycemia as well as the increase in blood  concen- 
tration coincides with  that  at  which  we noted evidence of  vasoconstriction 
by the India ink and benzidine methods.  The areas in which  the vasocon- 
striction was noted in the rabbit and dog are identical with  those  in which 
gross  and  microscopic  lesions  appeared  in  experiments  of  longer  duration. 
These areas are the same as those in which we were able to produce intestinal 
lesions  by  the  intraperitoneal  injection  of  adrenalin.  In  the  cat  both 
adrenalin and Shiga toxin caused a  lesion with a predominant localization in 
the colon.  In the dog, both resulted in a  lesion located mainly in the duo- 
denum and  in  the preterminal  ileum.  In  the  rabbit both  substances  acted 
to cause anatomical changes in the cecum.  This similarity in gross localiza- 
tion  is  even  more  striking  when  we  compare  the  pathogenetic  process  as 
revealed  microscopically.  In  the  cat  and  dog,  both  adrenalin  and  Shiga 
toxin produce a lesion which makes its appearance first in the villi.  It begins 
with evidences of ischemia followed by congestion which is in turn succeeded 
by a  subepithelial edema, leading eventually to pseudomembrane formation. 
In the rabbit, on the other hand, both adrenalin and Shiga toxin cause changes 
which  first  manifest  themselves by focal  ischemia  followed by  submucosal 
congestion of the cecum.  This in turn is followed by focal submucosal edema, 
which is only later seen to involve the mucosa and lead to hemorrhage and 
ulceration. 
Because of the focal nature of the lesions and the difference in pathogenesis 
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resulting from the injection of adrenalin to interpret the sequence of events 
in the light of the differences in vascular arrangement in the intestine between 
the  dog and  rabbit  as  noted by Spanner  (28).  We suggested  that  a  vaso- 
constriction involving the other terminal arterioles than the ones participating 
in the arteriovenous anastomosis, would serve to cause a deprivation of blood 
supply  to the  submucosa  in  the  case of the  rabbit.  A  similar  sequence  of 
events in the cat and dog leads to an ischemia involving the mucosa.  The 
identity in the sequence of events here described resulting from the injection 
of Shiga toxin with those caused by adrenalin compels us to view the lesions 
caused by the administration of Shiga toxin as being vascular in origin. 
The experiments in  which  the  intestinal  mucosa was  brought  into  direct 
contact with the toxin indicates that the latter does not act directly upon the 
mucosa.  This  is  supported  by the  observations  of Doerr  (6)  and  Flexner 
and  Sweet  (7)  who  described  the  earliest  changes  resulting  from  the 
intravenous injection of Shiga  toxin as  appearing  in  the  submucosa  of the 
rabbit.  This is also what happens in bacillary dysentery in man as shown by 
Heubner (29), L6hlein (30), and  Castellanos  (31).  Furthermore, in  the cat 
and dog in which the mucosal layer is primarily affected, the  earliest changes 
are seen not in the epithelial cells but in the stroma beneath them, as we have 
described above.  In addition,  Barg  (32)  using  the method of tissue culture 
reported that  the  concentration of Shiga toxin  necessary to  inhibit  growth 
and  kill explants of intestinal  mucosa was  extremely high.  He noted  that 
even this reaction was not specific in that it occurred after heating and destroy- 
ing the potency of the toxin. 
In  our  original  studies  of the  diphtheritic  ulcerative lesions  observed  at 
necropsy in a  variety of clinical conditions (3, 4), we were impressed by the 
fact that these lesions occurred in patients who had succumbed after a period 
of shock.  The anatomical features of these lesions compelled us to consider 
them  to be vascular in origin.  The absence of any organic vascular  lesion 
led us to the view that an intense vasospasm resulted in an ischemic necrosis 
of the tissues.  The cause of such a vasospasm was obviously not local, since 
we were able to observe lesions throughout the entire digestive tract as well 
as in the liver and kidneys.  The concept introduced by Cannon of a  corn° 
pensatory vasoconstriction serving to adjust the capacity of the vascular bed 
to the diminished blood volume caused by a  shocking stimulus  (33), offered 
an explanation for the anatomical lesions.  As Cannon has shown, this com- 
pensatory vasoconstriction is  dependent upon  intact  suprarenal  glands  and 
sympathetic  nervou~  system.  Stimulation  of  the  sympathetic  vasomotor 
reactions by means of the intraperitoneal injection of adrenalin enabled us to 
reproduce the entire sequence of events leading to intestinal lesions such as 
we had observed in our clinical material.  We have demonstrated above that 
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These  phenomena  occur  simultaneously with  anatomic  evidences  of  focal 
vasoconstriction  in  areas  which  subsequently  develop  typical  diphtheritic 
ulcerative  changes.  This  sequence  of  events  is  typical  of  the  vasomotor 
homeostasis  described  by  Cannon.  The  participation  of  the  sympathico- 
suprarenal system in this process  is shown by the fact that  the  toxin also 
causes  a  hyperglycemia which runs parallel with the discharge of adrenalin 
from the suprarenal glands (17).  We therefore interpret the lesions caused 
by the toxin of B. shlgae as being the result of a homeostatic vasoconstriction, 
mediated through the sympathico-suprarenal system. 
CONCLUSIONS 
The intravenous injection of Shiga toxin into dogs causes a  rise in hemo- 
globin, red blood cell count, hematocrit reading, and specific  gravity of the 
whole blood.  There  is  thus a  decrease  in  circulating blood  volume.  The 
specific gravity of the blood plasma does not change.  These findings indicate 
that the toxin of B. shlgae produces a shock-like circulatory state.  As a result 
there  occurs a  compensatory vasoconstriction in  the duodenum of the  dog 
and in the cecum of the rabbit.  It has been shown that the toxin of B. sMga~ 
has no direct effect upon  the intestinal mucosa when brought into contact 
therewith, but that its absorption through the mucosa leads to the appearance 
of a  lesion in the duodenum of the dog.  Therefore we interpret the patho- 
logical  alterations  in  the  intestinal  tract,  following the  injection  of  Shiga 
toxin,  as  the  anatomic  end  result  of a  pronounced  and  prolonged  homeo- 
static vasoconstriction. 
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EXPLANATION OF  PLATES 
PLATE 17 
Fio.  1.  Cecums of rabbits  which  had  received  10  cc.  of India  ink  into  the left 
ventricle and  were sacrificed  1 minute  later,  a, cecum of the  control  rabbit  (No. 
7-91),  b, cecum of the rabbit  (No. 8-14)  which received Shiga toxin,  1 cc. per kg.  1 
hour before the India ink injection.  0.8  natural size. 
FIG.  2.  Cecum of  rabbit  (No.  8-16)  which  received 0.5  cc.  per kg.  Shiga  toxin 
intravenously followed in 2 hours by  10 cc. of India ink into the left ventricle and 
sacrificed 1 minute later.  Note the focal areas in the folds, devoid of ink, some of 
which have fused into larger areas.  X  1.2. 
FIG. 3.  Dog stomachs and duodenums stained with benzidine,  a, from a  normal 
control dog  (No.  1-16),  b, from a  dog  (No.  1-13)  which received Shiga toxin,  1 cc. 
per  kg.  intravenously,  7  minutes  before  being  sacrificed.  X  0.4. 
FIG. 4.  Dog  (No.  4-78).  Gross appearance  of a  duodenal  lesion resulting  from 
the intravenous injection of Shiga toxin.  Note its sharp upper limit at  the pyloms. 
Killed  6  hours  after  the  injection. TIlE JOURNAL  OF EXPERIMENTAL MEDICINE  VOL. 76  PLATE  17 
(Penner and Bernheim: Pathogenesis of dysentery intoxication) PLATE 18 
FIG. 5.  Dog (No. 4-78).  High power view of duodenal villi,  showing a separation 
of the epithelium from the underlying stroma, caused by an accumulation of plasma 
and blood cells.  Hematoxylin and eosin.  ×  212. 
FIG. 6.  Dog (No. 4-78).  Duodenum showing membranous enteritis  with normal 
villi adjacent to a focally involved villus which is enmeshed in the membrane.  Hema- 
toxylin and  eosin.  ×  72. 
FIG.  7.  Dog  (No.  4-66).  Stomach and  duodenum,  and  Thiry-Vella loop.  The 
latter, seen below, is unaffected by the Shiga toxin which had been introduced into it, 
whereas  the  former  presents  a  lesion  indistinguishable  from  that  caused  by  the 
intravenous  administration  of the  toxin. THE  JOURNAL  OF  :EXPERIMENTAL MEDICINE  VOL. 76  PLATE  18 
(Penner and Bernheim: Pathogenesis of dysentery intoxication) 